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Abstract. We discuss the use of potential vorticity (PV) 1 Introduction
based equivalent latitude (EqLat) and potential temperature
(9) coordinates in the upper troposphere and lower strato-

. : X Potential vorticity (PV) based equivalent latitude (EglLat)
sepcr':i?/ reeigUtZLSr())\f/?JeCgecr;'li?g;znsﬁgtg Ztrl:i':;' Tgeargizl? Ob'and potential temperaturé)(are widely used in the strato-
ject P ) y sing £q spheric chemistry and dynamics community as a set of quasi-
ordinates for aggregating chemical tracers in the UTLS. Sev-La rangian coordinates (e.g., Butchart and Remsberg, 1986;
eral examples are used to show 3-D distributions of EqLat to-, grang 9 g '

. . . Lait et al., 1990; Randel et al., 1998; Manney et al., 1994;
gether with chemical constituents for a range ofVe show . . i
: . 1999; Pan et al., 2002; Kanzawa et al., 2003; Juckes, 2007).
that the use of P\ coordinates may not be suitable for sev-

eral reasons when tropospheric processes are an im Ortaﬁecause PV and provide a good coordinate system that ap-
pospr b ) . P pFoximater follows the motion of ensemble of air parcels,
part of a study. Due to the different static stability structures.

interpretation of tracers in this coordinate system eliminates
between the stratosphere and troposphere, the usasfa P . . y: .
. . : . any of the problems with assessing chemical evolution of
vertical coordinate does not provide equal representations g g : : . .
) ) the air mass in conventional Eulerian coordinates (Schoeberl
the UT and LS. Since the surfaces in the troposphere often

. . et al., 1989). This set of coordinates has been especially ef-

mterse.ct'the ;urf ace of the Earth, theariable does not work fective in studies of polar stratospheric processes, because
well distinguishing the UT from the boundary layer when .

. . . EqgLat based chemical tracer analyses serve to separate dy-

used globally as a vertical coordinate. We further discuss the_ " . o . : .

. . .hamical variability from chemical processing, both of which

duality of PV/EgLat as a tracer versus as a coordinate vari-

. ) contribute to the ozone budget in and around the polar vor-
able. Using an example, we show that while PV/EqlLat serve L . : .
; S eXx. The growing interest in the chemistry and dynamics of
well as a transport tracer in the UTLS region, it may con-

._the upper troposphere and lower stratosphere (UTLS) has
) . Yostered the desire for similar guasi-Lagrangian coordinates

when used as a coordinate to average chemical tracers. OveTr- .

. X . : or the tropopause region. PV based EqlLat has been used

all, when choosing these coordinates, considerations need to

. . in UTLS transport analyses (e.g., Haynes and Shuckburgh,

be made not only based on the time scale of PV being a conx . o .

servative tracer, but also the specific research questions to bzeooo’ Berthet et al,, 2007), compiling trace gas climatolo-
addressed k P q gies from sparsely sampled data (e.g., Hoor et al., 2004; En-

' gel et al., 2006; Hegglin et al., 2006) and to perform com-
parisons between models and observations (e.g., Strahan et
al., 2007). Since PV is known as an effective tracer of strato-
spheric air mass, the PV based EqLat serves to obtain zonal
average behaviour of the region with the air mass grouped

according to dynamical conditions.
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9188 L. L. Pan et al.: Commentary on using equivalent latitude

Similar to the role of the polar vortex edge in the over- PV air mass from the tropospheric average. Similar situa-
world (where thed surfaces lie entirely in the stratosphere, tions may occur in the other direction of STE where tropo-
Hoskins, 1991), the tropopause is a significant dynamicakpheric intrusions are observed to be associated with low PV,
boundary that separates air masses of distinct chemical contherefore, low EqgLat (Pan et al., 2009). We use an example
positions in the middleworld (where tliesurfaces intersect to show that an EqlLat based zonal average conceals these
the extratropical tropopause, Hoskins, 1991). The tropopausevents (by mapping these events based on their origin). The
region, however, is significantly different from the polar vor- example raises a general question on how well EqLat clima-
tex region in the behaviour of both PV afd In the polar  tologically separates reversible (wave) from the presence of
stratosphere, PV is a quasi-conservative dynamical variabl@reversible (wave breaking) transport.
both inside and outside of the polar vortex. This is not the This question is particularly relevant to the ongoing stud-
case for the tropopause region when the upper tropospheries of double tropopause phenomena. Increasing number
is of significant interest. From the perspective of time scalesof case studies have shown that double tropopause events
involved, the dynamical variability in the polar stratospherein mid- to high latitudes are often signatures of poleward
is largely dictated by isentropic processes with a synopticRossby wave breaking and are accompanied by chemical sig-
time scale of a week to 10 days. In the UTLS region, con-natures of tropospheric air mass intruding into lower strato-
vective processes in the time scale of a few hours can plagphere above the subtropical jet and mid-latitude tropopause
a significant role in redistributing chemical species and di-(Randel et al., 2007; Pan et al., 2009; Pan et al., 2010, Home-
abatically modifying PV. In addition, the PV based EqLat yer et al., 2011). Statistics based on satellite observations
is derived in an isentropic coordinate system. In the polarindicate that the maximum occurrence is in late winter and
stratosphere, isentropes are quasi-lateral (i.e., approximatekyarly spring (Randel et al., 2007; Peevey et al., 2011). In con-
horizontal in Eulerian altitude sense) and serve well as vertrast, in a Lagrangian view of the tropopause using trajectory
tical coordinates. In the troposphere, however, isentropes ofbased statistical analyses, a ventilation layer, a layer similar
ten intersect the Earth surface and at times and may have @ the secondary tropopause in the Eulerian view, is found to
significant vertical component in the Eulerian sense (for ex-be more prevalentin summer in the Eqléedpace (Berthet et
ample, see Shapiro et al., 1999). These are perhaps the maait, 2007). Many factors may contribute to the apparent con-
significant distinctions between the polar vortex edge and theroversy in this case. We raise the question here whether and
tropopause. how much the use of EqLat versus the geographical latitude

Despite these distinctions, EqlL@atmay still be a pre- may have contributed to the differences.
ferred coordinate system for many UTLS applications. Inthis This commentary is also motivated by the ongoing
note, we discuss some potential issues of using EqLat in theommunity activity of process-oriented chemistry climate
UTLS for chemical tracer analyses. We examine EglLat asnodel (CCM) evaluation with enhanced representation of
a 3-dimensional (3-D) variable, together with chemical trac-both stratosphere and troposphere chemisityp{//projects.
ers, and as a vertical coordinate variable in the UTLS re- pmodwrc.ch/ccva)l One of the challenges is to integrate the
gion in contrast to latitude and pressure/altitude coordinatesesearch aircraft data from a large number of field campaigns
to make several points. These discussions may help recogniss/er many years for model evaluation. The discussions here
some unintended consequences of using Eqlaterdinates  are relevant to the consideration of using Eqlateordi-
in aggregating chemical measuremetitss not the goal of  nates to compile aircraft climatology globally.
this discussion to address the general applicability of EqLat We begin with a brief summary of the EqLat calculation,
in the UTLS, but rather to note that when considering thesefollowed by a comparison of EqLa&-between the overworld
coordinates it is important to determine whether the use ofpolar stratosphere and the UTLS region. Then, the morphol-
these coordinates clarifies or obscures the issues of a paregy of EqLat and chemical tracers at the middleworld isen-
ticular research question.The discussion should also help tropes, and the compactness of tracers in EqlLat versus geo-
to consider EqLa# coordinates within a suite of comple- graphical latitude for the UTLS region are shown. Finally, we
mentary methods for aggregating data in the UTLS, includ-use an example to contrast the use of EqlLat as a tracer ver-
ing tropopause relative coordinates (Pan et al., 2004; Tilmesus a coordinate variable. Two trace gas species, ozape (O
et al., 2010), jet stream based coordinates (Ray et al., 2004nd carbon monoxide (CO), are used to demonstrate the re-
Manney et al., 2011), and tropopause relative latitude cooriationship between chemical trace gas and EgLat. These two
dinates (Kunz et al., 2011b). chemical species are the most commonly used transport trac-

One specific example is the use of PV/EglLat as a traceers in the UTLS region and one has its primary source in the
versus a boundary/coordinate for zonal averaging. This is &tratosphere and the other in the troposphere. The chemical
frequently encountered issue in stratosphere-troposphere exracers are from the NCAR Whole Atmosphere Community
change (STE) studies. On the one hand, we identify stratoClimate Model (WACCM).
spheric contribution to the troposphere using high PV as a
signature. On the other hand, we use PV-based EqLat to ag-
gregate trace gas species, which in effect removes the high
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Feb 15, 2006, 380 K WACCM Feb 15, 2006
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Fig. 2. The relationship of PV and EqLat for three middleworld
isentropes on 15 February 2006.

3.1 Calculation of EglLat

2 pvu (30° EqL) and 10 pvu (60° EqL)

Equivalent latitude maps PV to latitude based on the area
Fig. 1. In this example, contours of 3Gand 60 EqLat are shown  enclosed by the specific isopleth of PV. For each PV value,
on the 380 K potential temperature surface for the 15 February 2006p; on a given isentropd);, there is a corresponding geo-
00:00 UTC WACCM analysis. 'I_'hese two contours correspond_to raphical latitudeg, the area (of the polar cap) enclosed by
P\{ of 2 pvu and 10 pvu, respectl\{ely. For contrast: the geographic hich equals the area(P;, 6 ;) covered byP > P;. This cor-
latitudes of 30 and 60 (dashed circles) are also given. . . . . . .

responding latitude is defined as the equivalent latitude for

P; on isentrop& ;, ¢.(P;, 6;). The above description can

. be written as:
2 Data, model and EqLat calculation

3 WACCM Model and the specified dynamics run

Ge(P;,0;) =sint (1— (1)

For analysis of EqLat and trace gas distributions, we use

global output from version 4 of the NCAR Whole Atmo- WhereR is the radius of Earth. In our calculation, the area
sphere Community Climate Model with Specified Dynam- €nclosed by a given PV isopleth is calculated by summing
ics (SD-WACCM4). WACCM uses a free-running dynam- the equivalent areas of each grid cell that itas P;.

ical core that is adopted from the NCAR Community At-  T0 give an example of EqlLat as an alternative representa-
mosphere Model (CAM) and a chemistry module that is tion of PV and how it compares to geographic latitude, we
an extension of version 3 of the Model of OZone and Re-ShOW in Flg 1 areas enclosed by two selected PV contours
lated Tracers (MOZART3) (e.g., Neale et al. (2012), Kinni- on the 380Ko surface on 15 February 2006. They are ap-
son et al. (2007)). In a recent validation effort, WACCM was Proximately 2 pvu and 10 pvu, and correspond to &0d 60
shown to perform very well in comparisons with many other EdLat, respectively. In contrast to 3@nd 60 geographic
chemistry-climate models (SPARC CCMVal, 2010). For the latitude circles, the EqLat field embodies the instantaneous
specified dynamics (SD) run, wind and temperature fields ard”V field and provides a snapshot of the underlying conserva-
nudged, at each model time step, using the Goddard Eartkve dynamics.

Observing System 5 (GEOS-5) analysis. The nudging in ef- Figure 2 shows the one-to-one relationship between PV
fect allows SD-WACCM4 to perform as a chemical transport and EgLat at three middleworld g-levels (320, 350 and
model and facilitates the comparisons with observations. A380K). This figure highlights that the re-mapping of PV to
description of the SD approach is described in Lamarque eEdLat is nonlinear. On the two lowest middleworld isen-
al. (2011). In this study, SD-WACCM4 is nudged with 1 % of tropes, large gradients of PV as a function of EqlLat are
the GEOS-5 meteorological fields (e.g., temperature, zonafoncentrated in the mid-equivalent latitudes, i.e., near the
and meridional winds, and surface pressure) every 30 minstrongest jet stream. These regions of strong gradient are
Analyses are available daily at a horizontal resolution ofin fact the locations of the tropopause (Kunz et al., 2011a).
1.9 x 2.5 (lat x lon), 72 pressure levels in the vertical from Away from these regions, both equatorward and poleward,
the surface to-80 km, and a time resolution of 6 h. The verti- PV is nearly homogenous and is a weak function of EqLat.

cal resolution in the model decreases with height andlis ~ The implication of this behaviour to chemical tracer averag-
2km in the UTLS. ing will be discussed in later examples.

A(P;,0;)
27 R?
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Feb 15, 2006 WACCM 600K
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Fig. 3. Distribution of EqLat (left) and CO (right) on the 600K isentropic surface. The white contours represent 30 and4@nd
speeds.
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Fig. 4. Scatterplots of WACCM CO at 600K as functions of latitude (left) and equivalent latitude (right). The black dashed lines represent
the zonal means (calculated in 1i@tervals) in latitude or EqLat coordinates, respectively.

4 EgLat in the polar stratosphere cated near 45N and 90-120 E. There are corresponding
signatures in the CO field. This well-known correlation is
Trace gas distributions in the winter stratosphere are stronglproduced by the descent of polar vortex air that brings higher
influenced by vortex dynamics, and consideration of the vor-CO produced by C@photolysis in the mesosphere and lower
tex is essential when aggregating trace gas data. Figures tBermosphere into the stratosphere (Allen et al., 1999).
and 4 demonstrate how EqLat can be used to produce dynam- Figure 4 compares scatterplots and averages of CO mixing
ically consistent averages of trace gas distributions. Figure 3atio using the geographical latitude with that using EgLat. In
shows EgLat and CO mixing ratio from the WACCM model geographical latitude coordinates, the vortex fragment with
in the Northern Hemisphere (NH) on the 600Ksurface  high CO near 45N is averaged with low-CO air from out-
on 15 February 2006. In this case, following a major strato-side the vortex to produce a small peak in zonal-mean CO
sphere sudden warming (Coy et al., 2009) the air mass assaear 43 N. The zonal-mean CO across all latitudes is nearly
ciated with the polar vortex is fragmented into three piecesflat at around 20 ppbv. Averaging in EglLat-coordinates pro-
(green shading). The piece containing highest EgLat is lo-duces a very different picture, with CO enhanced by up to

Atmos. Chem. Phys., 12, 9188499 2012 www.atmos-chem-phys.net/12/9187/2012/
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WACCM Feb 15, 2006 120° W
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Fig. 5. An example of a latitude-height cross-section in Log-pressure altitude (left) versus potential temperature (right) coordinates. Colour
images represent static stability (potential temperature lapse rate). Also shown are zonal wind spéedtiteslines), PV (red lines) and

the thermal tropopause (black dots). The cross-sections are aloAg\VlRBgitude. In thed-coordinate the troposphere is a narrow layer,
especially around the subtropical jet.

WACCM Feb 15, 2006 120° W

450

400

350

300

Log Pressure Altitude (km)
Potential Temperature (K)

0 15 30 45 60 75 90 0 15 30 45 60 75 20

Latitude Eq lat Latitude
N [ ]
0 30 60 90

Fig. 6. As in Fig. 5 but for EgLat.

50 ppbv in the vortex (poleward of 78l in EglLat). This ex- tial temperature contour represents the upper troposphere in
ample demonstrates the utility of EglLat-coordinates in themid to high latitudes, but boundary layer in the low latitudes.
polar stratosphere: these coordinates highlight the associdrom a slightly different perspective, the stratosphere is sta-
tion of large CO abundance with polar vortex air, which is ble and stratified because of the large vertical gradieft in
lost when viewed as function of geographical latitude. i.e., high static stability. The troposphere is relatively unsta-
ble and has a weak gradient. These simple facts reflect the
nature of these two atmospheric layers so named. As a conse-
5 EgLatand @ inthe UTLS guence, in comparison to geometric or pressure coordinates,
6-coordinates expand the LS and compress the UT. This fea-
In contrast to the overworld, the representation of UTLS inture is illustrated in Figs. 5 and 6.
the EqLat® coordinates requires some additional consider- Figure 5 shows a vertical cross-section of static stability
ations. While isentropes are quasi-horizontal in the stratofor 15 February 2006 along 128V longitude. Also shown
sphere, they often have a significant vertical component inare the lapse-rate tropopause, the jet positions and selected
the troposphere, i.ef, surfaces may span the upper tropo- PV isopleths. The two panels contrast the representation
sphere and the boundary layer or intersect the Earth surfacef vertical range from the ground to 20km or 450K in
An example can be seen in Fig. 5, where the 300K potendog-pressure altitude (left) and potential temperature (right)

www.atmos-chem-phys.net/12/9187/2012/ Atmos. Chem. Phys., 12, 98389 2012
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Fig. 7. WACCM EgLat and @ on the 380K (left column) and 330K (right columéjsurfaces for 15 February 2006. The position of the
jet is represented by white contours (wind speeds of 30 and 43)n s

vertical coordinates. The two scales represent a similar veran indication that EglLat here serves well as a latitudinal co-
tical range. The main message of the figure is that in al-ordinate variable. It is evident, in this example, how the jet
titude space, the tropopause divides the lower stratospherstructure is dominating the latitudinal PV variation. The high
and troposphere roughly equally in terms of the area in thePV and associated high EgLat around the jets is accompa-
cross-section. I space, on the other hand, the asymme-nied by lower EqLat away from the jets, where the PV iso-
try is quite obvious with the entire troposphere reduced tolines are quasi-lateral and largely parallel to the isentropes.
a narrow layer. The relevance of this information is that of- The weak gradient in PV-EqLat relationship away from the
ten times when potential temperature is used as the verticatrong jet, as shown in Fig. 2, is responsible for this struc-
coordinate, a layer of 20-30 K above the tropopause is conture. This structure raises the question whether the behaviour
trasted to a layer of 20-30 K below the tropopause. We wants consistent with the UTLS chemical distribution and what
to point out here that, the former is a narrow layer of 1-2 kmimplications are when using the coordinates for averaging
in the geophysical space and only represents the bottom afhemical tracers. This is the focus of the next section.
the stratosphere, while the latter is often the entire tropo-
sphere. One needs to be aware of this asymmetry when using
|seqtrop|c coordinates in the UT.LS' .6 EgLat and chemical tracers in the UTLS

Figure 6 shows a cross-section of EqlLat as a 3-D vari-
able, together with th_e tropopause af‘d the jet Iocat|ons_, "}Although it is well known that PV is not a conservative tracer
both L_og—pressure a_It_ltude and pgtentlal temperature vert|ca{n the troposphere, PV based EqLat is often used to create
coordmates. In addition to showing th_e asymmetry.of reP"zonal averages for aircraft data including both stratosphere
resenting L_JT versus L,S’ the comparison Of the wind a_ndand troposphere. In most cases, the studies are mainly fo-
Eqlat distribution hlghllghts the role of the .Jet streams N cused on stratospheric processes and the inclusion of the tro-
the .UTL.S I_EqLat distribution. In the_ subtropics, the_ quasi- posphere is only to show the range of sampling (e.g., Hoor et
vertical isolines of EqLat are approximately perpendicular toal., 2004; Hegglin et al., 2006; Engel et al., 2006). With an

and increase with latitudes across the strong subtropical jetongoing community effort of enhancing the representation of

Atmos. Chem. Phys., 12, 9188499 2012 www.atmos-chem-phys.net/12/9187/2012/
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stratosphere and troposphere chemistry in the new generation
of CCMs, there is a need to identify an optimal method of ag-
gregating research aircraft data, which often include both the
troposphere and the lower stratosphere, for process oriented
model evaluations. One question we consider here is to what
extent EqLat coordinates could serve the need and what
would be unintended effects when both the stratosphere and
the troposphere are included.

To provide a perspective, we shows @nd CO from the
WACCM model for selected isentropes and in vertical cross-
sections. Note that these two species are the most commonly
used stratospheric and tropospheric tracers, respectively, for
transport studies in the UTLS region. They have very differ-
ent relationships with EqLat. £ similar to PV, has strong
stratospheric sources and is known to correlate with PV in
the tropopause region (e.g., Danielsen, 1968; Browell et al.,
1987; Pittman et al., 2009). CO on the other hand, has large
anthropogenic origin and the surface value of CO has a
strong relationship with geographical latitude (e.g., Novelli
et al., 2003). Low CO air mass near the tropopause is often
correlated with stratospheric influence. High CO air mass in
the UT, on the other hand, may be an indication of convec-
tive transport or biomass burning, processes that are PV non-
conservative. Figures 7-9 in this section aim to illustrate the
behaviours of EqLat and tracers on several UTLS isentropes
to shed light on the use of EqLat for aggregating chemical
tracer data in this region.

Figure 7 shows a NH view of EqLat ands@istributions
on two selected isentropes (380 K and 330 K). On the 380K
surface, the spatial patterns of EqLat angla®e largely con-
sistent. This is especially true for high EqLat and highe@d
the gradient change in the region of the jet stream. The 380 K
level is largely stratospheric, as indicated by Figures 5-6.
This is no longer the case at 330K, a level that spans the
middle troposphere in the tropics, the tropopause region in
the mid-latitudes and the lower stratosphere in the high lat-
itudes. At this level, the high (polar) EgLats are shown to
be strongly associated with the jet streams. The gradients
of tracer distribution in the subtropics show a good consis-
tency with the gradient of EglLat but lose correlation at high
latitudes. If the @ field is re-sampled using EqLat, the dy-
namical variability in the subtropics and mid-latitudes will
be mapped consistently with the dynamical field. However,
O3 in the polar region will be mapped into mid-equivalent
latitudes. What produced this large difference between the
EqLat and Q in the polar latitudes is not entirely under-
stood. In addition to the known weak gradient (Fig. 2), we
speculate that this relationship may be dependent on the sea-
sonality of static stability in the polar UTLS, which reaches

Log Pressure Altitude (km) Log Pressure Altitude (km)

Log Pressure Altitude (km)

WACCM Feb 15, 2006 Lon=0.

9193

15 30 45 60
Latitude

CO (ppbv)
100 150 200

5 1 15 2

O; (ppmv)

25

a minimum that is less than that in mid-latitudes during win- Fig. 8. WACCM NH meridional cross-sections of EqLat (top),
ter in each hemisphere (e.g., Tomikawa et al., 2009; Grisedzone (middle) and CO (bottom) for 15 February 2006 alofg 0
et al., 2010). This lack of compact tracer-EqLat correlationlongitude. In each panel, selected meteorological variables are also
away from the tropopause (or jet) region is also seen in theshown, including isentropes (black dash lines), wind speed (white

scatterplot (Fig. 9).

lines), PV (red lines) and the thermal tropopause (black dots). White

colour-filled areas of EqLat represent negative values.
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Fig. 9. WACCM NH ozone as a function of latitude (left) and EqLat (right) for the 330K and 290 K potential temperature surfaces on 15
February 2006. The dashed line in each plot represents the zonal average in their respective coordinates.

Figure 8 provides a cross-section view of EqLat and chem-CO plum will be mapped to the Southern Hemisphere in an
ical tracers in the UTLS region to complement the view on EqLat based zonal average.
f-surfaces in the previous figure. Overall, the figure high- Figure 9 shows scatterplots og@s a function of latitude
lights the strong vertical gradients in the tracer cross-sectionand EqlLat and their respective zonal averages for the 330 K
and the role of the tropopause in dictating the change in theind 290K levels. The two levels are chosen to contrast LS
tracer fields. In this particular cross-section, three upper troand UT for mid- to high latitudes, and also to contrast the
pospheric jet streams, the subtropical, the polar and the Arcuse of EqglLat in the tropopause region with that in the po-
tic jets, are clearly identifiable in the wind fields. In the region lar stratosphere as shown in Fig. 4. At the 330K level, the
of the subtropical jet between 5-15 km, the horizontal gradi-compactness and zonal averages using the two latitude co-
ents of the tracers are consistent with the gradients of EqLatordinates are significantly different. The large scatter gf O
Away from the subtropical jet, and the variable EqLat showsin latitude reflects the latitudinal variation of the tropopause.
weakened latitudinal gradient which is consistent with the The distribution in the EqLat coordinate is much more com-
PV-EqgLat relationship shown in Fig. 2. This figure suggestspact especially in the tropopause regiet80° N EgLat and
that while EqLat maybe effective in the subtropics, away 100-200 ppbv of ozone). In the polar latitudes, the correla-
from the subtropical jet tropopause relative coordinates ardion is no longer as compact, which is consistent with the
more effective in representing the variability of the tracers. discussion of the plane view shown in Fig. 7. Nevertheless,

Note that in the tropics (equatorward of the subtropicalthe figure indicates that the EqLat based average provides a
jet), there is a region of strong enhancement of CO, likelybetter consistency with the dynamical background. In con-
representing the influence of convective transport coupledrast, at the 290K level (nearly entirely in the troposphere)
with local emission sources. This region is associated withboth tropospheric chemistry and STE influence thal(tri-
negative EglLat, consistent with the likely convective modifi- bution. The low @ scatters in the tropics (the points below
cation of PV. Although this behaviour is well known, this ex- 50 ppbv, for example) are mapped into high EqLat, likely due
ample illustrates how the use of EqLat as a global coordinatdo the diabatically generated PV at this level. In this case,
may result in undesired tracer redistributions. In this case th90K is part of the upper troposphere at high latitudes, but

often part of the boundary layer at mid- to low latitudes. This

Atmos. Chem. Phys., 12, 9188499 2012 www.atmos-chem-phys.net/12/9187/2012/
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Apr 16, 2008, 380 K
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Fig. 10.Maps of(a) EgLat and(b) ozone from the SD-WACCM run for 16 April 2008 at the 380 K potential temperature surface. The 6 pvu
PV contours are shown by the yellow lines. The dynamical tropopause is defined as the pole-enclosing 6 pvu contour.

figure illustrates that the steep slopes of the isentropes in the Figure 10 shows 380K NH EqgLat ands@ields on 16
troposphere makes it difficult to separate UT from the bound-April 2008 from the SD-WACCM run. The 6 pvu PV con-
ary layer ing coordinates. In addition, it is more important tours are superimposed on each map. There are multiple
to have the geographical latitude information when it comescontours, but only the one that encloses the pole represents
to identifying the source and sink origin in the lower tropo- the dynamic tropopause for this isentrope, determined us-
sphere. ing the PV gradient-based definition described in Kunz et
al. (2011a). The tropospheric intrusion air mass is seen as
. ) a “blob” of low EgLat (~20°-30C°) and low G (~100-
7 EqlLat as a tracer versus as a coordinate variable 200 ppbv) air, near 6N and 140 W, separated from the

An important issue to consider when using Ealat is Whattropical reservoir. This air mass, enclosed by the shorter one
P 9 tdq of the 6 pvu contours, highlights the fact that this is, both

scientific question we intend to address. Two scenarios we . . N
contrast in this section are using EqLat as a tracer to identifyOlynamlcally and chemically, a bulk of tropos_pherlc ar that_
has been cut-off from the troposphere and is embedded in

the transport origins versus as a coordinate for achieving e stratospheric background. The high consistency of EqLat

zonal average. o ! :
Similar to the polar stratospheric studies, EqlLat has beer‘;’md Q indicates that the low @.'S not produced chemically,

. . but a result of transport. The figure, therefore, speaks for the

shown as an effective transport tracer in the UTLS. For exam- . )
effective role of EqLat as a transport tracer. In this case, the

ple, several recent studies have shown that PV based EqLat

; . . o . . ' —occurrence of wave breaking is signified by the PV/EqgLat
is effective at identifying poleward intrusions of tropospheric . Lo
structure, and the process as a whole is irreversible in gen-

air mass into lower stratosphere above the subtropical jet corgral (Mclntyre and Palmer, 1983). Although in this case,

(Pan et al., 2009; Homeyer et al., 2011). We use an examplg .. : . . . .
i : L . ixing and irreversible transport associated with this event

here to illustrate what happens in a tropospheric intrusion , o
. . . . . Is confirmed by the in situ tracer measurement (Homeyer et
case if EglLat is used as a coordinate variable. This examplé

. . . o al., 2011), the general quantification of air mass irreversible
is an event involving transport of tropospheric air into the

lower stratosphere due to Rossby wave breaking, on Apriltransport involved in this type of events is a subject of future

L studies (e.g., Homeyer and Bowman, 2012).
16, 2008. A later stage of the event was sampled in situ by Figurés 9:]L1—12 cgntrast the use of Iatitu)de and EglLat as

research aircraft during the START08 experiment (Pan et aI.the coordinate variable to compute a zonal average in this

2010). This wave breaking event and associated irreversible . L . .
case, using data from the meridional section over the longi-

transport has been analysed in detail (Homeyer et al., 2011): . L
We illustrate the issues here using the SD-WACCM Simula_)(gde_range_ 11‘9—15.0 W. F'gwe 11 shows the §)d!str|bu .
tion in an isentropic dynamical tropopause relative coordi-

tion of this time period. nate, both in latitude and EgLat, for the 380K level. In both
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1500
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Fig. 11. Ozone at 380K and from 126150 W in longitude on 16 April 2008(a) as a function of relative latitude to the 380 K dynamical

tropopause (6 pvu in Fig. 10), affld) as a function of relative EqLat to the dynamical tropopause. The blue points highlight the parcels that
are on different sides of the tropopause when using relative latitude versus relative EgLat.

Apr 16,2008, 110-150° W Sectional Zonal Mean

Potential Temperature (K)

0

0O, (ppbv)

Fig. 12. Sectional zonal means of ozone for 22050 W in (a) latitude andb) EqLat. Yellow squares represent the dynamical tropopause
at each isentrope. Black dots represent the thermal tropopause. Also shown are PV inpvu (red contours) and zonal wih¢whita s
contours).

cases, the zero represents the latitude or EqLat location of There exist two different views on which zonal average
the isentropic tropopause (the pole-enclosing 6 pvu contours more meaningful and appropriate. On the one hand, the
in this case). In each case, the blue points are those to blew ozone structure associated with transport is potentially
mapped to the opposite side of the tropopause depending areversible since the dynamical property of the air mass is still
the coordinate variable used (relative latitude or EglLat). tropospheric. If the intention is to create an average based on
As shown in Fig. 11a and b, thesz€EqLat relationship  the dynamical property of the air mass, the use of EqLat coor-
is much more compact thanz@atitude, which reflects the dinates will produce the intended average. On the other hand,
strong correlation of @and PV in this region and speaks to if the chemical transport structures associated with the wave
the role of transport in the ozone distribution at thikevel. breaking is of interest, one needs to be aware that the use of
The low ozone points (blue) on the positive side of the O EqLat will conceal these structures. We highlight here that
relative latitude relationship, however, highlights the fact thatthe choice should be made based on the scientific question of
significant transport of low ozone air mass from troposphereinterest. In polar vortex studies, more often the interest is to
to stratosphere would be classified back to their transport origuantify the chemical evolution of the air mass in the vortex.
gin if EqLat is used for zonal averaging. This issue is furtherIn that case, removing the transport influence, regardless if
highlighted in Fig. 12, where the sectional zonal mean for theit is reversible, by using EqLat serves the right purpose. For
region shows the low ozone air mass due to the transport latJTLS tracer studies, very often the goal is to quantify the
itude based zonal average. On the other hand, this low ozongansport due to STE or to characterise the dynamical vari-
air mass is mapped back to the troposphere in EqLat basedbility in chemical fields. Using EqLat in this case will map
zonal mean. the transported air mass away from the region of interest and
defeat the purpose of the study, as shown in this example.
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To further clarify the issues of how we consistently char- Most importantly, in the third area, EqLat based zonal av-
acterise the dynamical variability of the chemical field in erages may conceal the chemical structure associated with
the UTLS, we connect our discussion here to a body of reawave breaking as shown in the last example (Figs. 10-12).
search that uses the PV field to characterise Rossby wavBince the PV structure based Rossby wave breaking analy-
breaking in the context of STE. A few good representativessis is a significant part of the STE studies (e.g., Postel and
of the research are Postel and Hitchman (1999), Wernli andHitchman, 1999; Wernli and Spenger, 2007; and Sprenger et
Sprenger (2007) and Sprenger et al. (2007). These workal., 2007), it is important to be aware that using PV as a co-
are based on the concept that wave breaking events are fuerdinate will in effect obscure the dynamical variability of
damentally an irreversible process and highly relevant tothe trace gas associated with wave breaking. Whether the lat-
STE (Mclintyer and Palmer, 1983). The result of these worksitude or EqgLat representation of wave breaking events has
largely represents our knowledge of preferred locations ofcontributed to the differences in double tropopause studies
STE. Sprenger et al. (2007), in particular, did a detailed analshould be examined in future work.
ysis to compare PV structures (streamers, cutoffs) and STE An important message that comes out of these examples is
studies from an earlier work (Sprenger and Wernli, 2003).that the choice of coordinate for averaging data in this region
The result shows that the PV structures do have a significandlepends on the specific scientific question. Different from the
connection with the trajectory analyses based STE eventsstratospheric polar vortex studies, where quantifying chemi-
i.e., these PV structures represent STE activities. If we av-cal processing in the polar vortex air is usually the goal, the
erage the chemical tracers based on their PV or EqLat, théocus of the UTLS region is most often to quantify trans-
STE events related to these PV structures will be largely conport and exchange. Intrusions from stratosphere into tropo-
cealed. What coordinates we use to perform averaging willsphere, and vice versa, are processes that often involve both
potentially alter the picture of spatial and seasonal variabilityreversible and irreversible transport and are, therefore, im-
of these STE relevant activities. The choice of coordinatesportant STE activities to characterise in this region. Using
therefore, should be carefully made based on the purpose & tracer that itself is influenced by the transport as a coor-
averaging. dinate often convolutes the problem. A general interest of

This example also has a specific implication in regard toaggregating UTLS observations is also to identify transport
the double tropopause statistics. As shown in the exampleboundaries and pathways associated with the meteorological
the wave breaking and associated double tropopause occupatterns. It is often more effective to examine the chemical
rence in this case will be concealed in the EqLat coordinate.and dynamical tracers in parallel (Kunz et al., 2011b).

More investigations are desirable to identify the most ef-
fective coordinates for aggregating sparsely sampled data
for model-observation comparisons, and for characterising

. : TLS transport. Studies have shown that tropopause rela-
We have discussed three areas of concerns for using EqLaj: . . .
. ) . ) ive coordinates work well to bring out the sharp chemical
6 coordinates in the UTLS region. The first one concerns

the representation of troposphere in the Eql.&pace. The discontinuity across the tropopause (Pgn etal, 2904; T!Imes
. t al., 2010). This method, however, is a one-dimensional
EqLat¥ coordinates are fundamentally stratosphere focused

. . .~ averaging in the vertical, i.e., altitudinal . A similar
(Fig. 5) and do not represent UT and LS equally. This p0|nt|sa eraging in the ve j[ca, ©.. attqd al, space. A simiia
. . approach for the horizontal dimension uses jet core relative

relevant when tropospheric sources, sinks and processes ar . S
. : : wind speed as a coordinate for averaging in situ measure-
important to a particular study. In the subtropics, the steep

slopes of the isentropes makes it difficult to ésas a ver- ments (Ray et al.,, 2004), and it has shown to be effective

. : . L for data analyses around the jet stream. This method, how-
tical coordinate globally with a clear distinction between the R : . .

: ever, is limited to the regional scale. An extension of this
upper troposphere and the boundary layer. While the chem:
) N . : method to the global scale, as recently proposed by Manney
ical composition in the UT is strongly coupled dynamically

. et al. (2011), combines the jet core relative latitudes in the
to the LS, the vertical transport of tracers from the boundaryhorizontal dimension and the tropopause relative altitude in

layer is also important. The tropospheric tracer d|str|but|onthe vertical dimension. In a recent study, isentropic chemi-

1S, .therefore, often stro_ngly cqupled o the surface SOuree, | gradient and PV gradients are examined together. The re-
which makes geographical latitude a more relevant coordi- .
nate variable. sults show that the PV gradient based tropopause captures the

chemical change well in general, and a relative latitude coor-
The second area concerns the use of EqLat to aggregat& L : . : : .

: ; . . inate, similar to the relative altitude coordinate in the verti-
chemical tracers in the region away from the jet stream. Us-

ing modelled tracers of ©and CO. we show examples of cal dimension, can be used for aggregating data and making
9 . : l P dzonal averages (Kunz et al., 2011b). Well designed case stud-
the polar region being mapped to middle EqglLats (Fig. 6) and. . . .
Lo . . . ies comparing these different approaches with the E¢Lat-
the possibility of convectively influenced tropical upper tro-

) . based zonal averages may help to identify the strengths and
posphere being mapped to the south of the Equator (Fig. 8)'Weaknesses of thege diffe?lent nriethods. fy 9

8 Summary
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